Mutations causing expansions of polyalanine domains are responsible for nine hereditary diseases. Other GC-rich sequences coding for some polyalanine domains were found to be polymorphic in human. These observations prompted us to identify all sequences in the human genome coding for polyalanine stretches longer than four alanines and establish their degree of polymorphism. We identified 494 annotated human proteins containing 604 polyalanine domains. 32% (31/98) of tested sequences coding for more than 7 alanines were polymorphic. The length of the polyalanine-coding sequence and its GCG or GCC repeat content are the major predictors of polymorphism. GCG codons are over-represented in human polyalanine coding sequences. 
INTRODUCTION
Since 1996, mutations causing expansions of polyalanine tracts have been documented in nine human diseases and in one mouse strain (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Polyalanine expansions have been found in:
synpolydactily (from 15 to 22-29 alanines in HOXD13) (3, 11) , cleidocranial dysplasia (from 17 to 27 alanines in RUNX2) (5) , oculopharyngeal muscular dystrophy (from 10 to 11-17 alanines in PABPN1) (1) , familial holoprosencephaly (from 15 to 25 alanines in ZIC2) (2) , hand-foot-genital syndrome (from 18 to 26 alanines in HOXA13) (4) , blepharophimosis/ptosis/epicanthus inversus syndrome type II (from 15 to 30 alanines in FOXL2) (6) , X-linked mental retardation and epilepsy (from 12-16 to 20-23 alanines in ARX) (8) , X-linked mental retardation with growth hormone deficiency (from 15 to 26 alanines in SOX3) (9) and congenital central hypoventilation syndrome (from 25 to 29 alanines in PHOX2B) (10). The shortest disease causing expansion of a polyalanine domain was observed in recessive OPMD in which the addition of a single alanine residue caused a recessive late-onset disease (1) . Interestingly, this polymorphism is present in 2% of the general population and when inherited in a compound heterozygote fashion with a dominant expansion causes a more severe phenotype (1) . Non-pathological polyalanine polymorphisms were reported in polyalanine coding sequences in seven other human genes prior somewhat controversial since polyalanine polymers have served as models in protein folding research for both β-sheet and α helical conformations (28-30). Polyalanine peptides of 10 residues or more form stable fibrillar macromolecules resistant to chemical denaturation and enzymatic degradation in vitro (29, 31) . Though the structure of polyalanine peptides in solution is still debated, a recent study shows that β-sheet structures are favored in hydrophylic physiological conditions and α helical conformation in hydrophobic medium (28).
The appearance and conservation of polyalanine domains has not been extensively studied. The polyalanine domains of HOXA13 and class III POU transcription factors appeared only in mammals (32, 33). In the case of HOXA13, it has been shown that human protein is on average 35% longer than its zebrafish orthologs. These differences in size are primarily due to accumulation of polyalanine and flanking regions rich in proline and glycine (33) . Similarly, the Drosophilia ortholog of PABPN1 lacks a polyalanine domain and a large portion of the protein's N-terminus (34). It was suggested that polyalanine domains in arthropods silk and mollusk shell and tendon have appeared by convergent evolution (35) , implying that these domains appeared independently in orthologs and were conserved for functional reasons.
The complete sequence of the human genome was a prerequisite to this study's identification by data mining of all human proteins with polyalanine domains and allow the screening for polymorphisms of a large set of sequences coding for polyalanine. The increasing number of sequenced eukaryotic genomes further permitted the comparative analyses of species differences in size and differential appearance of polyalanine domains through evolution. This study establishes that polyalanine-coding sequences are frequently polymorphic in the human population, that polyalanine domains are more frequent in specific functional categories, especially in transcription regulators, that they likely appeared by convergent molecular evolution in some protein families and that they are longer in mammals than in other vertebrates.
RESULTS

Sequences coding for polyalanine domains in human are frequently polymorphic.
We identified 494 known human proteins with polyalanine domains longer than 4 alanines in the human refseq protein database (Supplementary material) (36) . These 494 proteins contained a total of 604 polyalanine domains. We selected the 124 proteins with domains longer than 7 alanines to investigate if the polyalanine coding sequences are polymorphic in humans. We retrieved genomic coding sequences for 135 polyalanine domains (117 genes) and 98 were successfully amplified by PCR on 42 unrelated DNA samples. Amplification products were run on denaturing gels and samples showing two or more alleles were sequenced. 31 of the 98 sequenced regions (32%) were found to have at least two sequenced-proven alleles. Table I lists the genes with polymorphic sequences sorted by the frequency of the most common allele observed. Four of these polymorphisms were previously reported in the literature (Table I) .
Triplet repeat expansions and contractions are responsible for 77% (24/31) of the observed polymorphisms (Table I ). Most are due to changes in the number of GCG or GCC codons (20/24). Changes involving tracts of GCA and GCT codons are observed only in four genes. In seven genes, the polymorphisms are due to duplications or deletions of mixed (GCN) n sequences (Table I ). In 48% of the polymorphic loci, the minor alleles have a frequency inferior to 5% (Table I) . Codon repeat expansions/contractions and deletions/insertions of larger sequences are both responsible for rare and more frequent alleles. It is noteworthy that we also identified new polymorphisms in two genes containing small polyalanine domains of 7 alanines (GDF1 and CHD4, data not shown). This raises the possibility that sequences coding for even shorter polyalanine domains could also be polymorphic. Poly morphisms with high frequencies could be predicted by aligning Unigene EST sequences for 9 genes (Table I) . We found that four of the nine genes with known pathogenic lengthening of a polyalanine tract are polymorphic in the general population: PABPN1, RUNX2, ZIC2 and HOXA13 (1, 2, 4, 5) (Table I ). This further underlines that sequences encoding a polymorphic polyalanine domain are prime candidates for diseases mapped to the same chromosomal region.
The size of the polyalanine coding sequence and its repeat content appear as the major predictors of polymorphism. Most of the polymorphic sequences (62%) and very few nonpolymorphic sequences (11%) code for more than 13 alanines or contain repeats of more than 5 codons (Fig. 1A) . Polymorphism of polyalanine domains coded by mixed GCN codons seems to be mainly influenced by the length of the sequence. In fact, the mixed (GCN) n polyalanine-coding sequences are more frequently polymorphic when they code for more than 13 alanines (Fig. 1A, arrows).
GCG codons are over-represented in polyalanine-coding sequences.
There is a statistically significant over-representation of GCG codons in polyalanine-coding sequences compared to its average relative occurrence in a control set of open reading frames (57% ±33% in polyalanine compared to 11% ±12% of GCG usage in 597 control sequences) and according to the codon usage database (11% of GCG codon usage) (37) (Fig. 1B ). This contrasts with GCC codons that are as frequently used in polyalanine -coding sequences as in control sequences (Fig. 1B) . GCA and GCT codons are overall under-represented in polyalanine-coding sequences (Fig. 1B) . A noticeable increase in GCG and GCC codons usage is observed as the size of the polyalanine domains increase while GCA and GCT codon usage tend to decrease with length (Fig. 1B) .
The analysis of the contribution of codon repeats in polyalanine-coding sequences demonstrates that GCG and GCC repeats become predominant at a length of three codons or more (Fig. 1C) . Most of the sequences are not coded by identical repeated codons. Of the 154 sequences coding for eight or more alanines, only 12% are entirely or in part coded by tracts of eight or more identical codons (Fig. 1C) . Therefore, long polyalanine domains are usually coded by mixed (GCN) n sequences. Since GCGGCG and GCCGCC are complementary, their overrepresentation in polyalanine-coding sequences points toward a particular involvement of these GC-rich sequences in the appearance and lengthening of sequences coding for polyalanine domains.
The longest polyalanine domains are found in eukaryotes.
To establish if polyalanine domain-containing proteins share functional roles, we identified all (38) (39) (40) (41) (42) . Thus polyalanine domains appear melanogaster ovo and asx and in H. sapiens PHOX2B. In C. elegans, the length of polyalanine domains never exceeded 14 alanines (Fig. 2E) . We also established that the genome of S. cerevisiae contains only 39 polyalanine-containing proteins (about 0.65% of S. cerevisiae genes) and none had a domain of more than 10 alanines (data not shown). The number of polyalanine domains was even smaller in prokaryotes. Polyalanine -coding genes account for a mean of 0.74% of archeal genomes and 0.84% of eubacterial genomes. In fact, 10 completely sequenced archea and 31 completely sequenced eubacteria, contained respectively 162 and 746 polyalanine-coding genes and the size of the domains never exceeds nine alanines. Therefore, domains longer than nine alanines appear to be exclusively found in eukaryotes. arisen by duplications of a single ancestral cluster followed by divergence (47) (48) (49) (50) . Phylogenic analysis suggests that polyalanine domains appeared recently and in only some orthologs within paralogous groups of the HOX family (Fig. 3A) . For example, phylogenic analysis of the paralogous groups HOXA13 and HOXD13 does not support a shared common ancestral origin for their polyalanine domains but an independent appearance specific to the mammalian lineage (Fig. 3A , in red and green). The same phenomenon is observed for the paralogs HOXA11 and HOXD11 (Fig. 3A , yellow and purple). In addition to these paralogs, HOXD8 has also acquired a polyalanine domain. This phenomenon of independent appearance is also observed in the GATAzinc-fingers family where mammalian GATA6, GATA4 and GATA1 have acquired a polyalanine sequence independently (Fig. 3C) . Convergence is not only observed at the level of paralogous groups, it is also seen between orthologs as is exemplified by even-skipped proteins from various species (Fig. 3E) . In this particular case, a domain appeared in all vertebrate evx2 (Fig. 3E, blue branches) and a second domain is unique to mammalian evx2 (Fig. 3E, red) . A third event occurred only in drosophila eve of all known insects even-skipped proteins (Fig. 3E, green) .
Finally, a fourth event of polyalanine appearance is specific to nematodes VAB-7 (Fig. 3E,   yellow) . The same phenomenon of evolutionary convergence within orthologous proteins was also observed in runt and engrailed (data not shown). This further supports the independent convergent appearance of polyalanine domains in proteins sharing similar functional role. It is noteworthy that polyalanine domains appeared only in mammals in HOXD8, HOXA11, HOXD11, HOXA13, HOXD13, GATA1, GATA4 and GATA6 phylogenetic trees.
The possible convergent evolutionary appearance of polyalanine domains in proteins of the same family is further supported by their different positions relative to functional domains or to other conserved regions. Figure 3B depicts the position of polyalanine insertions (arrowheads) within sequence alignments of HOX13 and HOX11 paralogous groups. The same was observed in an alignment of GATA4 with GATA6 (Fig. 3D ). This phenomenon is even more clearly illustrated by the N-terminal position of the polyalanine domain in vab-7, the ortholog of evenskipped in nematodes, compared to C-terminal insertions in vertebrates evx2 and drosophila eve (Fig. 3F) . The relative position of polyalanine domains relative to the DNA binding domain in different transcription factor superfamilies is clearly variable. For example, 89% of polyalanine are located in N-terminus in homeobox-containing proteins, 71% are in C-terminus in SOXcontaining proteins and 73% are in C-terminus in forkhead box domain-containing proteins.
Polyalanine domains are longer in mammals than in other vertebrates.
The independent appearance of polyalanine domains in related proteins and the observation that polyalanine domains arose mainly in mammals ( 
DISCUSSION
This study identified by data mining 494 known or predicted human proteins containing a total of 604 polyalanine domains longer than 4 alanines. We demonstrate that sequences coding for polyalanine domains are frequently polymorphic in the human genome. In fact, 31 out of 98 tested polyalanine-coding sequences were polymorphic. We established that the presence of a GCN repeat longer than 5 or a sequence coding for polyalanine stretches longer than 13 alanines are good predictors of polymorphism. Based on these criteria, 82 polyalanine-coding sequences of our set are likely to be polymorphic in human. Of these, 28 were not tested because either their genomic sequence was not available or they fell under our 8 alanines size threshold for screening.
Polymorphism of polyalanine-coding sequences is probably more widespread because some shorter sequences were also found to have more than one allele and rarer polymorphisms may Runx2 show phenotypes similar to human polyalanine expansions in these genes (52) (53) (54) (55) . This phenotypic overlap between knock-out mice and human disease allows the flagging of at least 34 human genes with sequences coding for domains of more than 7 alanines with knock-out models as prime candidate genes for human diseases with phenotypic overlap. For example, this raises the possibility that polyalanine expansions in SLC12A2 (17 alanines in man) may cause deafness in humans as point mutations have been found in the Shaker-with-syndactylism (sy) deaf mouse strain (56) . Interestingly, this strain also has syndactyly, an observation found in two of the already described polyalanine diseases (56) . The ages of onset of the diseases caused by expansions of polyalanine domains found to date suggests that such mutations may be involved in traits and diseases that span human life. Further studies will establish the functional importance of these relatively rare polymorphisms, but they already allow the identification of a large set of mapped genes as prime candidates for disease causing mutations considering that the chromosomal localizations are available for the majority of human genes with sequences coding for polyalanine domains.
The mechanism responsible for polyalanine-coding sequence polymorphisms or mutations is still debated. Two hypotheses have been proposed: expansion/contractions of repeated sequences through slippage during replication and deletions/duplications of mixed (GCN) n sequences due to unequal crossovers during meiosis. Though our sequence data demonstrates that most changes in size are due to changes in the number of repeated codons (77%, 24/31), only unequal crossover can explain both the presence of expanded repeat size and mixed (GCN) n sequence mutations at the same locus (57).
This work clearly shows that GCG codons are significantly over-represented in polyalanine-coding sequences. In fact, GCG codons are on average three times more frequent in polyalanine-coding sequences than in control coding sequences. Furthermore, GCG and GCC repeats are more represented in polyalanine coding sequences than repeats of GCA or GCT.
These results together with the observation that most of polyalanine polymorphisms are associated with GCG or GCC repeats suggest that these codons may be particularly important in the appearance and polymorphism of polyalanine domains. GCGGCG and GCCGCC being complementary, they can form stable hairpins or other higher order structures that may play a key role in this process and explain the relative abundance of GCG/CGC and GCC/CGG repeats in polymorphic sequences coding for polyalanine. It has been shown by many groups that biophysical properties of GCC/CGG repeats observed in fragile X mental retardation makes them good substrate for replication slippage. In fact, oligos consisting of CGG repeats (corresponding to GCG polyalanine repeats) fold in vitro as either stable Hogste en-bounded tetrahelical structures or as hairpins (58) (59) (60) (61) (62) . It is also noteworthy that except for Friedreich ataxia, diverse frames of GCN/CGN triplet reiteration are the substrates for all other pathogenic triplet repeat mutations (58) . The observation that CGG, CCG and CGA repeats are in fact prone to proliferation in protein coding sequences also point to their importance in the appearance and expansion of amino acid reiterations (63) .
Using Gene Ontology molecular function classes we grouped polyalanine -containing proteins from three phylogenetically distant organisms. It is striking that polyalanine proteins in the three eukaryotes studied are mostly involved in transcription regulation. Proteins with polyalanine domains >7 alanines are even more often involved in transcription than proteins with shorter domains. Transcription regulators are at least five times more abundant in polyalaninecontaining proteins than in the human proteome. This enrichment of polyalanine domains in proteins sharing the same molecular function in distantly related organisms indicates that polyalanine probably participates in function. Previous studies have suggested that indeed, polyalanine domains play a role in transcriptional repression (18-23, 64, 65) . It is however unknown how the hydrophobic polyalanine domains participate in transcription. It is also noteworthy that the relative importance of each molecular function was similar between human and drosophila. Convergent molecular evolution has been postulated as an explanatory principle for the presence of polyalanine domains in spider's silks and mollusk shell and tendon (35) . In these two examples polyalanine domains have appeared in very distant species suggesting that the acquired functional properties were responsible for the evolutionary pressure and led to convergence at the molecular level. Molecular convergence was also invoked in the appearance of a repetitive sequence in antifreeze glycoproteins shared between phylogenetically distant Antarctic notothenioid fishes and arctic cod (66) . Another example of molecular convergence was documented for glycine -rich domains in cyanobacterial and eukaryotic RNA binding proteins (67) . These various examples illustrate that repeated codons may be good substrates for convergent molecular evolution. These sequences probably promote their own variation, allowing for the appearance of new domains.
Which evolutionary pressure is responsible for the convergent appearance of polyalanine domains in eukaryotes is unknown. As previously discussed, polyalanine domains are frequent in transcription regulators and they may play a role in protein-protein interactions (3). Our hierarchical classification of polyalanine-containing proteins involved in "binding" uncovered that many were transcription factors while another important group was involved in transcription factor binding. These observations led us to search the literature for interaction data involving polyalanine-containing proteins. We found that many proteins with polyalanine domains interact with each other. For example, GATA4 and GATA6 interact to regulate cardiac development (68) .
The most impressive polyalanine protein network uncovered is the gro/TLE transcription corepressor family (TLE1, 3 and 4) that interact with polyalanine -containing transcription factors RUNX2, FOXD1/2/3, EN1, EVX2, PAX7, IRX3, NKX6.1, NKX2D, HEY2 and UTX1 to form a regulatory network involved in various aspects of vertebrate development (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) . It was further found that HEY2 homo and heterodimerize with HAND1 and HAND2 that also contain a poly alanine-domain (80) . This polyalanine protein network can be enlarged with the interaction of EN1 with PBX1, 2 and 3 (81) . TLEs interact with the eh1 motif of many of these proteins and the role of the polyalanine domains in these interactions has not been studied. Stable polyalanine hydrophobic protein-protein interactions could play a role, considering the known biophysical properties of polyalanine stretches (28-31). It is possible that polyalanine protein -protein interfaces may stabilize interactions between transcription regulators. Thus, new or more stable protein-protein interactions introduced by the appearance of polyalanine domains contribute to the evolutionary convergence observed in numerous protein families.
In most cases, when convergent evolution is observed, polyalanine domains are exclusively found in the mammalian lineage. Fast evolution of polyalanine domains in mammals have previously been reported for HOXA13 and POU class III genes (32, 33). We thus carried out a study of polyalanine length conservation among vertebrates. We comprehensively assessed the conservation of polyalanine domains between human and three vertebrate species and we observed good conservation between human and mouse but poor conservation between human and chicken and human and zebrafish. We also followed the evolution of 28 individ ual polyalanine domains and found that except for three of them, all were shorter in chicken and zebrafish with respect to human domain lengths. The clear trend is one of increase in the polyalanine domain sizes between H. sapiens > G. gallus > D. rerio. Together, this data argues for a lengthening of most of polyalanine domains in terrestrial vertebrates and especially in the mammalian lineage.
In conclusion, the roles of the polyalanine domains in evolution, development and diseases clearly need to be further investigated. The boundaries between monogenic and multifactorial traits are becoming blurred by the identification of genetic modifiers such as the (GCG) 7 recessive PABPN1 allele in OPMD (1, 82, 83) . Mutations causing polyalanine expansions in some of the 494 human proteins identified are likely to contribute to monogenic or polygenic traits having onsets at all stages of life. Therefore, gene and protein databases should be annotated to identify the occurrence of such domains and their variations. This study emphasizes the importance of screening sequences coding for polyalanine domains for mutations 
MATERIALS AND METHODS
Identification of proteins with polyalanine domains and alanine codon usage analysis.
We used a program consisting of a regular expression search to retrieve the ID and polyalanine length of proteins containing one or more polyalanine domains (ActivePerl 5. 
Detection of polymorphisms in human sequences coding for polyalanine domains.
The genomic DNA from 42 unrelated participants in our OPMD study were genotyped. All had signed an informed consent. Twenty-six were carriers of a dominant PABPN1 OPMD mutation while the others were healthy family members. The 124 human proteins with polyalanine domains of 8 or more alanines were chosen for polymorphism search. The genomic sequence was retrieved by tBLASTn for 117 of these genes (135 domains). Primers based on these genomic sequences were designed using LASERGENE2000 PrimerSelect software. Fragments were amplified by PCR with either 7-deaza -dGTP or betaine at a 1M concentration (1, 89) . Amplicons were run on a 5% polyacrylamide denaturing gel. Gels were dried and autoradiograms were obtained (1) . Samples that demonstrated two alleles were reamplified and the purified PCR products were sequenced using an ABIprism automated DNA sequencer (Applied Biosystems).
Functional annotations of proteins, phylogenetic analyses and pairwise comparisons of polyalanine domains.
Polyalanine-containing proteins were functionally classified by using molecular functio n annotations available through the Gene Ontology Consortium web page (http://www.geneontology.org/). These annotations were based on EBI annotations for human, Flybase for D. melanogaster and Wormbase for C. elegans (86, 90, 91) . Given the structure of the ontology tree, one single protein could have more than one annotation (http://www.geneontology.org/). Chi square calculations were used to test for statistically significant differences in molecular function distributions between whole proteomes and proteins with polyalanine domains. The identification of all known proteins from a specific family was achieved by searching the human refseq database with PSI-BLAST (blastpgp) and the consensus sequence for the motifs of interest as a query sequence (BLAST version 2.1.2) (43, 44, 92) .
Known protein sequences from families of interest were retrieved by running BLASTp against the Genbank database. Sequences obtained were aligned with the CLUSTAL W program and the alignments were manually edited (93) . For tree construction, a distance approach was used (PHYLIP 3.6) (93). PROTDIST was used to calculate a distance matrix (94) . A gamma distribution was applied to correct for unequal rates of change at different amino acid positions.
The tree topology was finally inferred using WEIGHBOUR (95) . The final unrooted trees were edited using Treetool. Bootstrapping was carried out (1000 replicates).
Pairwise comparisons of polyalanine domains between vertebrate species was done using BLASTp with a threshold E value of 1e-20 and a threshold alignment length of 200 amino acids (BLAST version 2.1.2) (44) . We assessed the conservation of the polyalanine tract by blasting a query file containing all human polyalanine proteins against a database of all proteins from the species of interest (Mouse, chicken and zebrafish). The query was also done by running blast with three files containing all polyalanine proteins of the three species against a database of all 
